In this work is described a new cooling curve analysis method focused on the experimental determination of the latent heat of phase changes and phase transformation kinetics.
Introduction
Cooling curve analysis has played an important role in the control of the metallurgical quality of metallic products obtained through processes that in some of its stages involve the solidification of liquid metal and especially in the production of castings in gray and nodular irons, as well as in cast aluminum alloys (Stefanescu, 2015) . The NTA methodology has been described in detail elsewhere (Barlow and Stefanescu, 1998, Cruz et al., 2006) . It analyzes a cooling curve that is obtained with a thermocouple located at the thermal centre of a cast. NTA calculations are performed on the first derivative of that curve. In the classical version of this method (Barlow and Stefanescu, 1998) , the times of start and end of solidification are identified and the zero-baseline curve is obtained from an exponential interpolation between these points. Integration of the area between the first derivative of the cooling curve and the zero baseline curve gives relevant information of the solidification kinetics.
FTA method is based on the numerical processing of the readings of two thermocouples located at different radial positions into a cylindrical mold, which contains the melt under study, during its cooling and solidification. FTA uses the data acquired from the two thermocouples to obtain the thermal diffusivity of the sample and the zero 
Description of the method
The method analyses the cooling process of a metallic sample of known weight, initially liquid that is contained into a cylindrical metallic mold of known weight, thermally isolated at its top and bottom.
The method assumes that both metal and metallic mold starts their cooling process at the same time, and shows the same cooling rate. Accordingly this cooling process, when there is no change of phase, can be described by eq. (1):
In Eq. (1) m is the weigth, Cp is the heat capacity and dT/dt is the cooling rate, using the sub index M for the metal and mo for the mold, h is the global heat transfer coefficient, A is the area of thermal exchange, T is the temperature of the metal and T 0 is the room temperature. Eq. (1) shows that the system formed by the metallic sample and the mold change their enthalpies as a result of a heat flow transferred to their surroundings through the exchange area A during its cooling at a given cooling rate. The global heat transfer coefficient h takes into account all the thermal resistances present in the heat transfer process from the sample to its surroundings including eventually air gap between sample and mold, refractory paint inner and external layers, thermal resistance of the metallic mold wall and combined radiation and convection heat transfer from the outer wall of the mold to the surroundings. This global heat transfer can be estimated numerically from eq. (1) and experimental information on the metallic sample and mold during it cooling process when the sample is fully liquid or solid (i.e.
without change of phase) according with Eq. (2):
Thus, using experimentally available data, that includes the cooling curve of the metal sample, the weights of the metal and the mold, the room temperature T 0 , and In order to know which parts of the cooling curves will be used to obtain h, the time of start and end of solidification, tss and tes respectively are determined on the first derivative of the cooling curve using the conventional criteria used by NTA method [3] . In this way the cooling curve of the sample is divided in three sequential sections:
Cooling of the liquid, solidification and cooling of the solid
During solidification of the sample, that is between tss and tes the energy balance is:
In a time step Δt, energy balance is:
Using a simple Euler integration Scheme, Eq. (4) can be written as:
The instantaneous latent heat released by the sample is given by:
Finally the latent heat of solidification can be obtained from ec. (7)
Experimental
In order to establish the capacity of the proposed method to determine the enthalpy of phase change during the solidification of metals and alloys, two pure metals were Table 2 shows the experimental weights of the metallic samples and molds. Figure 1 shows the cooling curves of the metals under study typically obtained during experimentation for zinc and Tin. In all cases the curves shows three cooling stages. A The first derivative of the metal cooling curve was calculatedin order to identify the times of start, tss and end,tes of solidification, by applying the conventional criteria reported for the NTA [3] . Figure 2 shows a graphical example of this determination in the case of one of the zinc samples. Subsequently, the heat transfer coefficient was calculated as a function of temperature using the thermal information of the metal cooling curves in the absence of phase change. Such calculations can be performed using a spreadsheet software like excel or can be done using one of the different programming languages available today, processing numerically the cooling curves of the sample during its cooling without change of phase, that is when the sample is fully liquid and fully solid, according with eq. (2) to obtain the heat transfer coefficient as a function of temperature. Figure 3(b) shows the values generated for this coefficient as a function of temperature which were treated by numerical fitting to obtain an equation of h as a function temperature. Table 3 shows the result of the numerical fitting in terms of equations of h as a function of T, for the experimental runs.
Results and discussion
Once the heat transfer coefficient as a function of temperature is known, the cooling curve of the metallic sample from the time of start to the time of end of solidification is numerically processed according with eq.(6) in order to determine, based on the temperature measurements of the sample during its solidification, the latent heat released in every time step and the total heat released during solidification of the sample of known mass, which allows to obtain the enthalpy of solidification. The heat capacity value used for the solidifying metal was the average value of the heat capacities of the liquid and the solid metal evaluated at the melting temperature Table 4 .
It can be seen that the values of enthalpy of solidification obtained from this method are very close to the values reported in the sources of thermochemical data. In the final row of This result suggests that, despite its simplicity, the method proposed in this work provides a good approximation for the determination of latent heat of solidification.
This aspect is currently being verified by experimentation with other metals and alloys of commercial purity as the subject of ongoing research.
Conclusions
A new cooling curve analysis method, based in simplified energy conservation equations and taking into account the presence of the metallic mold containing the sample of interest, on the cooling process of the integral system metal sample/mold was tested experimentally in order to determine its ability to measure the latent heat of solidification of zinc and tin of commercial purity.
The results generated by this method for the latent heats of solidification of zinc and tin are close to those reported in the sources of thermodynamic data and shows relative percentage errors lower than the errors commonly found using conventional cooling curve analysis methods. Accordingly the obtained results suggests that this method could be used to characterize the solidification of metals and alloys.
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